Abstract. This paper reports on the current status of an advanced 35 W e free-piston Stirling convertor currently being developed under NASA SBIR Phase II funding. Also described is a further advanced and higher performance ~80 watt free-piston convertor being developed by Sunpower and Boeing/Rocketdyne for NASA under NRA funding. Exceptional overall convertor (engine plus linear alternator) thermodynamic performance (greater than 50% of Carnot) with specific powers around 100 W e /kg appear reasonable at these low power levels.
INTRODUCTION
Sunpower is currently working on two development programs involving small Free-Piston Stirling Engine (FPSE) convertors ultimately intended for space power applications. NASA is interested in Stirling convertors because of their high efficiency which could reduce the amount of Plutonium-238 required in Radioisotope Power Systems (RPS) by approximately a factor of four.
The first of these NASA programs is a SBIR Phase II project for a ~35 W e output convertor. This convertor has been previously described in Wood and Lane (2003) . The goal of this program is to demonstrate greater than 30% efficiency in a small machine capable of very high specific power. This project is approximately half completed, and hardware testing has just begun. Initial performance of this convertor is encouraging and at present is producing 38.5 W e at 27% efficiency. Specific power of this convertor in a final low-mass form is projected to exceed 90 W e /kg.
The second, more recent, program involves development of a very highly advanced convertor being designed under Phase I of a NASA Research Announcement (NRA) project. The power level of this convertor is expected to exceed 80 W e , being sized for twice the input heat of the SBIR funded convertor. This is a significant project involving an impressive group of team members including Sunpower, Boeing/Rocketdyne, University of Minnesota, Cleveland State University and several respected Stirling consultants. This program has just recently started (end of July 2003). The goal of this program is to advance the state of Stirling convertor technology through the use of advanced materials and concepts throughout the machine. This project is also described in the following.
Although these two convertors are funded by NASA and being developed for space power applications, they also have important terrestrial applications. These programs will demonstrate that small (tens of watts) Stirling convertors can have exceptional conversion efficiency and specific power. These features combined with mechanical simplicity and long maintenance-free life make these convertors attractive for terrestrial use as a fuelfired battery replacement. This terrestrial application is particularly promising because even lithium-ion batteries have an amazingly low energy density compared to liquid fossil fuels (less than 1%).
W CONVERTOR
Earlier descriptions of this machine, which is being developed under NASA SBIR funds are given in Wood and Lane (2003) and Wood (2003) . As described in Wood and Lane (2003) the machine was originally designed for very high specific power when operating between the temperatures of 650 °C and 120 °C. However system optimization studies by NASA-Glenn showed that system specific power optimized with a more efficient and heavier convertor operating with a lower rejection temperature of 80 °C. The power level of this convertor is sized so that two convertors would operate on the heat output of a single Plutonium-238 General Purpose Heat Source (GPHS) of approximately 250 W thermal output.
As of the writing of this paper the Phase II development program is just beginning its second year. Figure 1 illustrates the size of this convertor in a final low-mass form. However because of the limited SBIR funds Sunpower will not be incorporating a lightweight vessel during the current project. Testing under this program is limited to a heavier test pressure vessel, which allows for tear-down and change-out of internal components, and includes instrumentation. Figure 2 shows the 35 W e convertor in the test vessel next to the low-mass mockup.
Final projected mass of the convertor in the lightweight vessel is expected to be approximately 435 g. This is the smallest high efficiency Free-Piston Stirling Engine (FPSE) ever attempted, and as such represented a significant technical challenge. However, it is similar in size and design to Sunpower's line of cryocoolers. Figure   3 presents the external dimensions of the 35 W e convertor with incorporation of a low-mass pressure vessel compared to two different Sunpower cryocoolers. As of the writing of this paper, testing on this convertor has just begun and initial performance is encouraging. Initial testing has been performed at reduced temperature levels that are expected to give similar engine performance as testing at design temperatures. Testing so far has been at 505 °C hot end and 25 °C reject temperature, compared to the design temperatures of 650 °C hot end and 80 °C reject. The selection of these reduced temperatures was based on Sage (Gedeon, 1997) computer simulations, which closely matched simpler projections given by the West number (West, 1986) . The West number predicts that engine power scales as the ratio of temperature difference across the machine divided by the average of the temperatures.
This temperature scaling ignores the decrease in alternator efficiency due to increased losses at higher temperatures.
This drop in alternator efficiency is expected to cause a reduction in power of approximately 1.4 W e as the temperature is increased to 80 °C reject. However this is more than counteracted by the reduction in seal losses as the temperature level is increased. At present we expect a net gain in power and efficiency as the temperature level is increased to the design values. Figure 4 presents the early measured performance of the 35 W e convertor as a function of piston amplitude, operating at the reduced temperatures explained above. Design amplitude of the machine is 4.0 mm and the design frequency is 100 Hz. Initial testing has been performed however at 104 Hz, as the engine dynamics, as built, turned out to be correct at this frequency. Efficiency presented in the plot is based on electrical power out and heat into the electrically heated head, after subtracting measured insulation heat losses of approximately 15 W e . The initial measured performance of the convertor presented in Figure 4 is very encouraging. As stated earlier we expect power and efficiency to increase as the temperature level of the machine is increased. It should also be noted that the displacer vent hole (which ports the displacer interior to mean working space pressure) is larger at present than desired. The added loss of the oversized vent hole is estimated to be costing 1 W e in power output and about 0.5 percentage points in efficiency. We are currently fabricating a new displacer with a correctly sized vent, which should increase both power and efficiency of the machine.
We also expect gains in efficiency when the frequency of the machine is decreased to the design value of 100 Hz. Reducing frequency is a simple matter of slightly increasing the masses of the displacer and piston. Finally the original magnets installed in this machine were about 10 percent low in strength. We have recently received stronger magnets that will reduce the alternator current at the same voltage, and therefore reduce alternator losses. The stronger magnets will increase both power and efficiency of the machine.
Once these changes are made (increased temperatures, reduced frequency, smaller displacer vent, and stronger magnets), we plan to adjust displacer dynamics and make other changes to increase the efficiency of the machine. 
Efficiency (%)
As the final application of the machine has a fixed heat input, increased efficiency also results in more power output in the final application.
W CONVERTOR
Sunpower is also currently designing the Advanced Stirling Convertor (ASC), a highly advanced > 80 W e Stirling convertor for advanced radioisotope power conversion. The NRA funded program began on July 29, 2003. The convertor for this project is sized for the heat from a single GPHS of nominally 250W thermal output, and the convertor is expected to have an output exceeding 80 W e .
Sunpower, with its expertise in Stirling machines and linear alternators, is the lead on this program. Boeing/ Rocketdyne brings its high temperature materials expertise and Stirling controller experience. The University of Minnesota and Cleveland State bring their expertise in Stirling loss analysis and understanding. Four expert Stirling consultants involved on the project are David Berchowitz, James Carelli, David Gedeon, and Barry Penswick.
Each of the three program phases lasts one year. Phase 1 of the program involves the design of the ASC convertor to be developed in a test vessel in Phase 2 and in final low-mass hermetically-sealed form in Phase 3. Besides the design of the ASC and supporting efforts during Phase 1, Phase 1 also includes a quickly implemented ~80 W e development machine termed the "Frequency Test Bed" (FTB) convertor. The FTB convertor is scheduled to be operational six months into the program.
The initial size estimate of the FTB is illustrated in Figure 5 . The purpose of this machine is to gain early experience in the program on a machine of this size and power level. The added intent is to use this machine to test for the effects of operating frequency on efficiency, and the machine will be built with different sets of internal components to allow for testing at various frequencies. As with the SBIR funded program the FTB will be run only in a test pressure vessel to facilitate the development of the hardware.
Frequency has a large influence on the specific power Stirling convertors, mostly because the mass of the alternator at a given efficiency is inversely proportional to frequency. This is particularly important because the alternator typically makes up the majority of mass (>50%) of the machine.
However there is a lack of experience and code verification using small high frequency engines. The possibility exists that one-dimensional codes may under predict the losses in this size and frequency range. The FTB will be used to study the fall off in efficiency at higher frequency before the more expensive ASC convertor is fabricated. The FTB is thus a development tool to help insure that the more advanced ASC convertor to be developed under this program achieves very high performance. The ASC is to be a highly advanced design and at present it is anticipated that it may be smaller in size than the FTB shown in Figure 5 . The ASC will use advanced materials for the heater head allowing for higher temperatures and higher performance. Advanced concepts and materials are being investigated during Phase 1 for potential use throughout the machine. Phase 1 also includes specialized test rigs and analysis to help insure the ASC convertor achieves very high performance.
The overall goal is to make the ASC convertor the most highly advanced FPSE machine ever built. To achieve this goal the program is structured to avoid pitfalls along the way. Also key to the success of the program is the excellent team that has been brought together to work on this project.
CONCLUSION
Small Stirling convertors (tens of watts) are capable of high efficiency (>50 % of Carnot) and high specific power (~100 W e /kg). Initial test results for a 35 W e convertor are presented in this paper. These test results are very encouraging, and with further development it is anticipated that >30% efficiency will be obtained on this unit. A recently funded project comprised of an impressive team is also described for a highly advanced convertor of >80 W e output. Both these small Stirling convertor programs have significant potential both for NASA space missions and for eventual terrestrial commercial application.
